Mutations in the mtDNA have been found to fulfill all of the criteria expected for pathogenic mutations causing prostate cancer. Focusing on the cytochrome oxidase subunit I (COI) gene, we found that 11-12% of all prostate cancer patients harbored COI mutations that altered conserved amino acids (mean conservation index ‫؍‬ 83%), whereas <2% of no-cancer controls and 7.8% of the general population had COI mutations, the latter altering less conserved amino acids (conservation index ‫؍‬ 71%). Four conserved prostate cancer COI mutations were found in multiple independent patients on different mtDNA backgrounds. Three other tumors contained heteroplasmic COI mutations, one of which created a stop codon. This latter tumor also contained a germ-line ATP6 mutation. Thus, both germ-line and somatic mtDNA mutations contribute to prostate cancer. Many tumors have been found to produce increased reactive oxygen species (ROS), and mtDNA mutations that inhibit oxidative phosphorylation can increase ROS production and thus contribute to tumorigenicity. To determine whether mutant tumors had increased ROS and tumor growth rates, we introduced the pathogenic mtDNA ATP6 T8993G mutation into the PC3 prostate cancer cell line through cybrid transfer and tested for tumor growth in nude mice. The resulting mutant (T8993G) cybrids were found to generate tumors that were 7 times larger than the wild-type (T8993T) cybrids, whereas the wild-type cybrids barely grew in the mice. The mutant tumors also generated significantly more ROS. Therefore, mtDNA mutations do play an important role in the etiology of prostate cancer.
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cybrid ͉ oxidative phosphorylation ͉ inherited predisposition T here is increasing evidence that mitochondrial gene mutations are associated with various cancers, but their pathophysiological significance remains unclear. The first clear demonstration that mtDNA mutations in cancer could have functional significance came with the report of a middle-aged woman with a renal adenocarcinoma that was heteroplasmic (mixture of mutant and normal mtDNAs) for a deletion of 294-nucleotide pairs (nps) in the mtDNA oxidative phosphorylation (OXPHOS) gene ND1 (1) . Subsequently, a variety of mtDNA coding region and control region mutations have been reported in colon cancer cells (2) , prostate cancer (3) (4) (5) , and a variety of other solid tumors (6) .
Mutations in nuclear DNA (nDNA)-encoded mitochondrial genes have also been linked to cancer. Mutations in the nDNAencoded succinate dehydrogenase (SDH) B, SDHC, and SDHD subunits of OXPHOS complex II have been linked to paragangliomas (7) (8) (9) (10) . However, mutations in SDHA, the succinate-binding subunit, have been linked to Leigh Syndrome (11) , not paraganglioma, demonstrating that transformation due to complex II mutants is not simply the result of energy deficiency. An alternative mitochondrial contribution to tumorigenicity could be increased reactive oxygen species (ROS) production. This possibility is supported by the observation that the mev-1 mutation in the SDHC gene of Caenorhabditis elegans markedly increases ROS production (12, 13) , and increased ROS production has been proposed to be an important factor in tumor formation in association with inactivation of p16ink4a and p53 (14) .
ROS are generated as a toxic by-product of mitochondrial OXPHOS. OXPHOS is composed of the electron transport chain (ETC), encompassing complexes I, II, III, and IV and the H ϩ -transporting ATP synthase, complex V. Reducing equivalents (electrons) from dietary calories are passed down the ETC, where they ultimately reduce O 2 (four electrons) to generate H 2 O. The energy that is released is used to pump protons out across the mitochondrial inner membrane through complexes I, III, and IV to create an electrochemical gradient (⌬P ϭ ⌬⌿ ϩ ⌬ Hϩ ). ⌬P is then used as a source of potential energy by complex V to condense ADP and phosphate to generate ATP, and ATP is exchanged across the mitochondrial inner membrane for spent cytosolic ADP by the adenine nucleotide translocators (15 (15) .
At high levels ROS are toxic, but at low levels they are mitogenic, presumably interacting with various nuclear regulatory factors (AP-I, NF-B APE͞ref-1) (16), regulatory kinases (Src kinase, protein kinase C, mitogen-activated protein kinase), receptor tyrosine kinases (17) , protein-tyrosine phosphatases (18) , and angiogenic factors (19, 20) . Consistent with mitochondrial ROS being important in tumor formation, mitochondrial manganese superoxide dismutase is reduced in many types of tumors including prostate cancer, mutations in the mitochondrial manganese superoxide dismutase gene promoter have been observed in a number of tumors, and transformation of certain tumors with the mitochondrial manganese superoxide dismutase cDNA can reverse the malignant phenotype (17, (21) (22) (23) .
Mitochondrial OXPHOS is assembled from multiple polypeptides, some encoded by the mtDNA and others by the nDNA. In addition to the 12S and 16S rRNAs and 22 tRNAs for mitochondrial protein synthesis, the mtDNA encodes for 13 polypeptides, 7 (ND1, ND2, ND3, ND4L, ND4, ND5, and ND6) of 46 polypeptides of complex I, 1 (cytochrome b) of 11 polypeptides of complex III, 3 [cytochrome oxidase subunit (CO) I, II, and III] of 13 polypeptides of complex IV, and two (ATP6 and ATP8) of 16 polypeptides of complex V. COI is the main catalytic subunit of cytochrome c oxidase (complex IV), and ATP6 is central to the proton channel of the ATP synthase (complex V) (15) .
The inhibition of OXPHOS that increases ROS production has been confirmed in mice in which the heart͞muscle isoform gene of the adenine nucleotide translocator gene (Ant1) was inactivated. This inactivation resulted in the hyperpolarization of ⌬P, increased ROS generation, and elevated mtDNA damage (24, 25) .
If mitochondrial dysfunction and ROS production contribute to cancer, then this finding would elicit two hypotheses. First, cancers should harbor both germ-line and somatic mtDNA mutations, which should partially inhibit OXPHOS and, thus, increase ROS production. Second, mtDNA mutations that increase ROS production should stimulate tumor growth. We have tested both of these predictions on prostate cancer and confirmed their validity. Therefore, this article supports the conclusion that mitochondrial defects contribute to the etiology of cancer.
Materials and Methods
Patient Materials. All patient studies were implemented under Emory University Institutional Review Board approved protocols. Histologically confirmed prostate cancer samples were selected from our collection of radical prostatectomies, institutional tissue resources, and microdissected samples prepared between 1995 and 2002. The ''no-cancer'' control group was assembled from subjects who had undergone prostate biopsy and had been found to be free of prostate cancer. These individuals were all at least 50 years old and had a Ͻ4 ng͞ml prostate-specific antigen.
Sequencing the mtDNA COI Gene. The mtDNA region encompassing COI was amplified between nucleotides 5772-7600. Both strands of the PCR product were sequenced by using nested primers (6080F, 6930F, 6340R, and 7150R). The templates were denatured at 96°C and primers extended in the presence of ''Big Dye Terminators'' for 25 cycles of 96°C for 10 sec, then 55°C for 5 sec, and 60°C for 4 min. The reactions were chilled to 4°C, and the excess dye terminators removed by Centri-sep columns. The trace files were determined by using an Applied Biosystems PRISM 3100 genetic analyzer, analyzed by using SEQUENCHER 4.1 gene analysis software (Gene Codes, Ann Arbor, MI), and interpreted within the context of MITOMAP (www.mitomap.org) and our current collection of 1,338 complete mtDNA sequences (26) . To assure that the sequence variants found were not due to the spurious amplification of nDNA pseudogenes, we scanned our mtDNA pseudogene database (27) for any pseudogene that might have been amplified. Only one (Emb͞ AL359496.30͞on chromosome 6) matched the primers used and could have potentially been amplifiable in the above experiments. However, this pseudogene could not have contributed to the current results because it lacks all of the COI mutations that we found in the prostate cancer samples.
Histopathological and Molecular Analysis of Laser Capture Microdissection (LCM)-Isolated Prostate Cancer Epithelium.
Normal and tumor prostate epithelial cells were collected by LCM. Fresh radical prostatectomy specimens, embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA), were frozen at Ϫ80°C and sectioned by cryostat (Shandon, Pittsburgh) to yield 7-m sections. Each section was fixed in 70% alcohol and hematoxylin͞eosin-stained (28) . Before microdissection, cut sections were dehydrated in graded alcohols followed by xylene and air-dried for 5 min. Benign and malignant epithelial regions were selected by a pathologist, and at least 5,000 cells each were collected by LCM by using a Pixcell II LCM system (Arcturus Engineering, Mountain View, CA).
DNA was extracted from the microdissected tissue by transfer to 0.04% proteinase K͞10 mM Tris⅐HCL (pH 8.0)͞1 mM EDTA͞1% Tween-20 and digested overnight. Organic (phenol͞chloroform) extraction was followed by ethanol͞sodium acetate precipitation. DNA pellets were suspended in distilled water. The entire mtDNA of tumor 18 was amplified in 1-to 2-kb overlapping fragments, the fragments purified by using Centricon-100 concentrator columns, and then cycle sequenced. The dried sequencing reactions were resuspended, heated at 94°C for 2 min, loaded on ''Long Ranger'' DNA sequencing gels, and the sequencing traces determined by using an Applied Biosystems PRISM 377 automated DNA sequencer.
The heteroplasmy of the COI G5949A mutation was analyzed by RFLP analysis. The mutant region was PCR-amplified by using a forward primer in which an A at np 5946 was changed to C, underlined (5Ј-CTCTACAAACCACAAAGACCTT-3Ј). The combination of the patient's G5949A mutation plus the introduced C generates a new DdeI restriction site.
The presence of the COI polypeptide in prostate tumor 18 tissue was analyzed by immunohistochemistry. Formalin-fixed, paraffinembedded sections (5 m) from tissue adjacent to the frozen section block used for LCM-directed DNA sequencing were deparaffinized and rehydrated, then steamed in citrate buffer (pH 6) for 20 min and cooled for 10 min. After exposure to 3% hydrogen peroxide for 5 min at room temperature, mouse monoclonal anti-human COI antibody (Molecular Probes) at a dilution of 1:250 was reacted for 25 min, followed by 25 min each of biotinylated secondary linking antibody and a streptavidin bound peroxidase enzyme complex. The sections were then stained with diaminobenzidine as chromogen for 5 min and counterstained with hematoxylin for 1 min. Between incubations, the sections were washed with Tris-buffered saline.
PC3(mtDNA T8993T͞G) Cybrids. Transmitochondrial cybrids were prepared by treating PC3 prostate cancer cells with 5 g͞ml rhodamine 6-G in culture medium for 7 days to cure them of their resident mitochondria (29) . Then 3 ϫ 10 6 of the rhodamine 6-G-treated PC3 cells were fused by electric shock to Ϸ2 ϫ 10 7 cytoplasts obtained by Ficoll-cytochalasin B step-gradient enucleation of homoplasmic mutant (T8993G) or homoplasmic wild-type (T8993T) 143B(TK Ϫ ) cell lines (29) . The homoplasmic T8993G mutant or T8993T wild-type donor cells were cybrids that had been previously prepared by fusing 143B(TK Ϫ ) cells devoid of mtDNA ( 0 cells) with cytoplasts from the lymphoblastoid cell line of a patient that was heteroplasmic for the mtDNA NARP͞Leigh ATP6 T8993T͞G mutation (30) . Rhodamine 6-G PC3 cell to T8993G͞T cytoplast fusions were induced in a BTX PN453 slide chamber with a 3.2-mm electrode gap by using a BTX Electro Cell Manipulator 200 equipped with an optimizer (Biotechnologies & Experimental Research, San Diego). The fusion mixture was plated in DMEM containing 10% FCS, 4.5 mg͞ml glucose, 1 mM pyruvate, and hypoxanthine͞aminopterin͞thymidine but without uridine (29) . The PC3 nuclear origin of the PC3(mtDNA T8993T͞G) cybrid clones was confirmed by using the insulin gene variable number tandem repeats (31) and the chromosome number confirmed by karyotyping. The mtDNA genotype was confirmed by HpaII digestion (29) .
In Vivo Tumorigenesis of PC3(mtDNA T8993T͞G) Cybrids. All animal experiments were carried out as part of an Institutional Animal Care and Use Committee-approved protocol. Six-week-old male athymic (nude) mice were purchased from Harlan Labs (Indianapolis) or Charles River Laboratories and injected s.c. over the scapula with 10 6 viable cybrid cells. Animals were maintained in sterile housing, four animals to a cage, and observed on a daily basis. At 10-day intervals, the tumors were measured by using calipers, and the volumes of the tumors were calculated by using V ϭ (L ϫ W 2 )͞2. Animals were euthanized with carbon monoxide.
ROS Production in Tumors. The endogenous in vivo O 2
•Ϫ production of the PC3(mtDNA T8993T͞G) tumors was determined by staining tumor slices with dihydroethidium (Molecular Probes). Tumor masses, dissected out of the nude mice, were placed in OCT compound and flash-frozen in a methylbutane-chilled bath, then placed in liquid nitrogen. Cryostat slices (30 m) were stained in the dark for 30 min at 37°C in a humidified 5% CO 2 incubator with a 1 M solution of dihydroethidium. Samples were analyzed by using confocal microscopy with an argon laser by using 510 nm of excitation and 595 nm of emission.
Results

Identification of the mtDNA Variants in LCM-Isolated Prostate Cancer
Epithelium. To determine whether mtDNA mutations were associated with the prostate cancer, we used LCM to isolate prostate cancer epithelial cells from several prostate tumors and sequenced segments of their mtDNAs. This experiment revealed a variety of potentially pathogenic mtDNA mutations. As a example, for tumor 18, the entire mtDNA was sequenced in a series of overlapping segments. This finding revealed 38 base substitutions relative to the Cambridge Reference Sequence (MITOMAP), including 31 previously reported polymorphisms and 7 previously uncharacterized mutations; the latter including 1 ribosomal RNA mutation and 3 missense mutations. The three new amino acid substitution mutations included a chain termination mutation in COI (G5949A) and two missense mutations, one in cytb (A14769G) and the other in ATP6 (C8932T).
The G5949A mutation introduced a stop codon into COI at amino acid 16 (G16X) (Fig. 1A) . To determine the origin of this mutation, we developed a restriction fragment length polymorphism test for the mutation and tested the cancerous and normal epithelium from this prostate. This experiment revealed that the cancerous epithelial cells of tumor 18 were homoplasmic mutant, whereas the adjacent normal epithelial cells were homoplasmic wild-type (Fig. 1B) . Hence, this mutation must have arisen during the genesis of the cancer cell and then segregated to a pure mutant in the malignant cells.
To determine whether the G16X mutation actually eliminated the COI protein from the prostate cancer cells, we performed immunohistochemistry on tumor sections (Fig. 1C) . The normal epithelial cells proved to be strongly positive for COI , whereas the adjacent cancer cells were completely negative.
The cytb A14769G mutation in this patient altered an amino acid (N8S) with a relatively low interspecific amino acid conservation index (CI) of 20.5%, indicating that this variant probably had limited effect on the cellular physiology. By contrast, the ATP6 C8932T mutation altered an amino acid (P136S) with a CI of 64%, which could be functionally significant. Therefore, both germ-line and somatic mtDNA mutations may have contributed to the formation of tumor 18.
COI Mutations in Prostate
Cancer. The loss of the mtDNA-encoded COI subunit in tumor 18 is consistent with proteomic surveys of LCM-isolated prostate cancer epithelia, which revealed that the ratio of nDNA-encoded complex IV subunits (COX IV, Vb, and VIc) to mtDNA-encoded subunits (COI and COII) was increased in most prostate tumors (32, 33) . Hence, deficiency of mtDNA COI, COII, and COIII subunits might be a common feature of prostate cancer.
To determine whether COI was in fact deficient, we sequenced the COI genes from multiple prostate cancer tumors and controls. We chose to study only the COI genes because this permitted us to survey a large number of tumor and control samples, thus making statistical evaluation feasible. Moreover, COI mutations have been observed in the mtDNAs in colon cancer cell lines (2), colonic crypt cells (34) , and sideroblastic anemia patients (35, 36) . However, polymorphisms and pathogenic mutations in COI are relatively uncommon (MITOMAP) (26, 37) .
DNA was extracted and the COI gene sequenced from prostatectomy specimens or peripheral blood cells taken from 260 European and African American patients with pathologically confirmed prostate cancer and from the lymphocytes of 54 ''no-cancer'' (prostate cancer negative) controls. COI missense mutations (Table 1) were found in 12% of the prostate cancer patients but in only 1.9% of the no-cancer controls, a significant increase in frequency (P ϭ 0.023) ( Table 2) . Furthermore, in a population sample of 1,019 European and African mtDNA sequences, 7.8% had COI mutations, which was also significantly lower than that of cancerous prostates (P ϭ 0.015) ( Table 2) . Because COI missense polymorphisms are more common in African mtDNAs of macrohaplogroup L than in the rest of the world (37), we also analyzed only patients and controls of European ancestry. From this group, COI missense mutations were found in 11% of the prostate cancer specimens, 0% of no-cancer controls (P ϭ 0.016), and 6.5% in a population sample of 898 Europeans (P ϭ 0.025) ( Table 2) . Thus, COI mutations are significantly increased in prostate cancer over the no-cancer controls and the general population.
The interspecific conservation of the altered COI amino acids in prostate cancer was also significantly higher than that in the general population. The average CI for the prostate cancer mutations was 83 Ϯ 25%, whereas that for a general population sample of 1,338 mtDNA sequences was 71 Ϯ 35 (P ϭ 0.029). The CI of the prostate cancer COI mutations was comparable with the CI observed for global human mtDNA ''adaptive mutations'' (85 Ϯ 9%) and far above the CI of global ''neutral polymorphisms'' (23 Ϯ 15%) (26) . Thus, the prostate cancer COI mutations must be functionally significant.
Three of the prostate cancer COI mutations had the characteristics of new somatic pathogenic mutations, being heteroplasmic and changing highly conserved amino acids. The first of these mutations was the tumor 18 chain-termination mutation, G5949A (G16X). The second was a T6124C mutation (M74T) with a CI of 95% that was heteroplasmic in both the prostate tissue and blood cells. The third mutant was C6924T (A341S), which had a CI of 100% and was primarily a mutant in the prostate tissue but wild-type in blood (Table 1) .
Four other prostate cancer COI mutations were found in more than one patient and in each case was associated with prostate cancer. The T6253C mutation (CI ϭ 69%) was found in three independent cases, all on haplogroup H, the most common Euro- Tumor 18 COI G16X mutation in LCM-isolated prostate cancer epithelium. (A) mtDNA sequencing chromatograms of LCM-collected pure prostate cancer epithelium (upper chromatogram) reveals only the mutant 5949T (G5949A, opposite strand, black letters above), mtDNAs and pure normal epithelium (lower chromatogram) reveals only the wild-type 5949C (G5949G, opposite strand, black letters above) mtDNAs. (B) RFLP analysis of the G5949A mutation detected through the creation of an intentionally introduced DdeI restriction site. Lanes 1-4, DdeI digests. Lanes: 1, pure cancer epithelium (pure mutant); 2, pure normal epithelium (pure wild-type); 3 and 4, wild-type controls; 5, molecular weight markers. (C) Immunohistochemical staining of a section from tumor 18 stained with a COI-specific antibody. M, malignant glands; B, benign glands.
pean haplogroup. The C6340T mutation (CI ϭ 79%) was observed in two patients on two different haplogroup backgrounds (H and N). The G6261A mutation (CI ϭ 97%) was observed in six patients on four different haplogroups (J, T, L1, and N). Finally, the A6663G mutation (CI ϭ 95%) was observed in five patients on two different haplogroups (L2 and unclassified) ( Table 1) .
Because the T6253C, C6340T, G6261A, and A6663G mutations were homoplasmic in these patient's lymphocytes, they must have arisen in the female germ-line. The importance of germ-line mutations in prostate cancer was supported by the observation that none of the European descent no-cancer control men had COI mutations, yet 6.5% of the European population had COI mutations and 11% of the European prostate cancer patient men had COI mutations. Because the frequency of COI mutations is significantly different between the noncancer controls and the general population (P ϭ 0.05) and between the general population and the prostate cancer-positive men (P ϭ 0.016), it follows that men that harbor germ-line COI mutations must have a substantially increased risk of developing prostate cancer. Therefore, both somatic and germ-line COI mutations are associated with prostate cancer, and COI mutations must be a significant risk factor for prostate cancer.
We have exhaustively surveyed only COI mutations in this study. However, it is likely that additional mtDNA polypeptide mutations can contribute to the etiology of prostate cancer (5). This possibility is supported by the ATP6 C8932T (P136S) observed in tumor 18 as well as the presence of two previously uncharacterized missense mutations in the complete mtDNA sequence of the PC3 tumor cell line, which is haplogroup U5, and contained a np T11120C (ND4͞ F121L; CI ϭ 12.8%) variant of unlikely functional significance and a np C13802T (ND5͞T489M; CI ϭ 62.5%) variant that could be functionally relevant. Additional mtDNA missense mutations were found in other tumors analyzed from LCM material (data not shown).
Cybrid Studies Reveal That mtDNA Mutations Enhance Cancer Cell
Growth. To investigate the functional importance of mtDNA mutations for prostate cancer, we chose to model the tumor 18 germ-line ATP6 C8932T (P136S) mutation by using the well characterized pathogenic ATP6 np 8993G L156R mutation (38) . The ATP6 np 8993G mutation is just 20 amino acids away from the P136S mutation and is known to cause a 70% inhibition in ADP-stimulated respiration (30) and an increase in mitochondrial ROS production (39) .
We introduced mtDNAs harboring the ATP6 mutant T8993G or wild-type T8993T base into a prostate cancer cell line through transmitochondrial cybrids. The mitochondrial donor cells were derived from the same heteroplasmic patient (30) and were homoplasmic for either the T8993G or T8993T mtDNA. These cells were enucleated and the cytoplasts fused to PC3 cells that had been cured of their resident mtDNAs by using rhodamine 6-G (29) . Six PC3 cybrids that were homoplasmic for the mutant mtDNA (T8993G) [PC3(mtDNA T8993G) nos. 2, 5, 8, 20, 21, and 26] and four cybrids that were homoplasmic wild-type (T8993T) C5911T  A3V  13  U  M  M  18  G5913A  D4N  18  K  M  M  8  A5935G  N11S  100  N  M  M*  29  G5949A  G16X  -U  M͞W  W  1 8  G5973A  A24T  92  H  M  M  3  G6081A  A60T  97  L2  M  M  31  G6150A  V83I  95  L1  M  M  21  T6124C  M74T  95  T  M͞W  M ͞W  1 9  T6253C  M117T  69  H  M  M  1, 2, 4  G6261A  A120T  97  J, T, L1, N  M  M  6, 7, 17, 26, 27, 30  G6267A  A122T  92  L1  M  M  24  G6285A  V128I  100  H  M  M  16  C6340T  T146I Variants 7389 and 7146, defining L0 and L0L1, respectively, were not considered. EA, European ancestry; AA, African ancestry. Frequencies with the same superscript were compared, and the P value (from Fisher's exact test) is represented in the right column.
[PC3(mtDNA T8993T) WT nos. 1, 3, 5, and 10] were isolated and studied further.
The PC3(mtDNA ATP6 T8993T) and PC3(mtDNA ATP6 T8993G) cybrids were injected s.c. into nude mice in four separate experiments conducted on both early passage (at about passage 6) and late-passage (at about passage 25) cultures. The results from all four experiments encompassing multiple trials for both the T8993G versus the T8993T clones were combined for each time point and the values averaged and plotted (Fig. 2) . These experiments revealed that the average tumor volume of the mutant PC3(mtDNA T8993G) cybrids was significantly higher than that of the wild-type PC3(mtDNA T8993T) cybrids at every time point (P Ͻ 0.026 by Mann-Whitney test) (Fig. 2) . Indeed, the PC3(mtDNA T8993T) wild-type cybrids barely grew at all in the mice. By day 110, the average tumor volume of the PC3(mtDNA T8993T) wild-type cybrids was 0.11 ml, whereas that of the PC3(mtDNA T8993G) mutant cybrids was 0.78 ml, more than a 7-fold increase. Moreover, this result is an underestimate of the differential growth rate of the PC3(mtDNA T8993G) tumors because mice with rapidly growing tumors had to be euthanized throughout the various experiments. This decision removed the fastest growing PC3(mtDNA T8993G) tumors from the later average tumor-size calculations, resulting in an uneven mutant cybrid curve with a reduced average slope (Fig.  2) . Hence, the tumor growth rate of the PC3 prostate cancer cell nucleus was enhanced by the introduction of an ATP6 mutation known to reduce ATP synthase activity and increase mitochondrial ROS production (30, 39) .
To confirm that the mutant PC3(mtDNA T8993G) cybrids generated more ROS, we tested the tumor cells for superoxide anion production by staining tumor sections with dihydroethidium (Fig. 3) . The nonfluorescent dihydroethidium is oxidized to fluorescent ethidium by O 2
•Ϫ . The average fluorescence pixel density of the PC3(mtDNA T8993G) mutant tumor cells was 71.2 Ϯ 9.2 (n ϭ 3; MT5, MT8, and MT20), whereas that of the PC3(mtDNA T8993T) wild-type tumor cells was 46.7 Ϯ 4.2 (n ϭ 2, WT3 and WT10). Thus, there was significantly more ROS produced by the PC3(mtDNA T8993G) mutant tumors (P ϭ 0.013 by t test). Therefore, prostate cancer cells that harbor mtDNA mutations, which increase ROS production, show increased tumor growth.
Discussion
The current study provides convincing evidence that mtDNA mutations play an important role in the etiology of prostate cancer. Prostate cancers have a significantly increased frequency of functionally important COI mutations, and the introduction into prostate cancer cells of a mtDNA mutation, which inhibits OXPHOS and increases ROS production, increased their in vivo growth.
The COI mutations that we identified in prostate cancer fulfilled all of the criteria expected for mtDNA mutations that cause this disease. The COI mutations were significantly more frequent in prostate cancer patients than in no-cancer controls or in the general population. The COI mutations altered significantly more conserved amino acids, and they included both new heteroplasmic somatic and recurrent homoplasmic germ-line mutations. Hence, mtDNA COI mutations appear to be a causal factor in the etiology of prostate cancer.
Germline COI mutations were also found to be an important risk factor for developing prostate cancer. COI missense mutations were common in the general population (7.8%), yet virtually absent (Ͻ2%) in cancer-negative controls. Thus, most men harboring COI missense mutations must move into the prostate cancer category by late middle age. The association between germ-line COI mtDNA mutations and prostate cancer risk might also explain why African American men are more prone to prostate cancer than European American men (40) . Overall, COI variants are relatively common in African mtDNA (17.4%, Table 2 ), in part due to certain African mtDNA lineages harboring ancient COI protein polymorphisms (e.g., the np 7389 and 7146 variants in African lineages L0 and L0L1) (26) . Therefore, these ancient COI protein polymorphisms may be contributing to an increased predisposition to prostate cancer in African American men today. However, a much larger study will be required to test the statistical validity of this proposition.
Given that highly conserved COI mtDNA missense variants (CI ϭ 70%) are so common in the general population (7.8%), we wonder why COI mutations aren't more commonly found in neuromuscular disease. One possibility is that the human cell has the capacity to partially compensate for complex IV defects by changing the expression of the COX subunits. Mice lacking liver adenine nucleotide translocators were found to selectively upregulate complex IV by 2-fold (41). Hence, the biochemical effects Increased tumor growth of PC3(mtDNA T8993G versus T8993T) cybrids. This graph is a composite of four independent experiments in which nude mice were injected s.c. with six different mutant PC3 cybrid clones [PC3(mtDNA T8993G)] and four different wild-type cybrid clones [PC3(mtDNA T8993T)]. All six mutant and four wild-type clones were tested at an early passage (at about passage 6), and two of the mutant clones and one wild-type clone were again tested at a later passage (at about passage 25). A total of 91 animals were injected with the mutant clones, 71 with the early passage clones and 20 with the late-passage clones; whereas 55 mice were injected with the wild-type clones, 45 with the early passage and 10 with the late-passage. Each injected mouse was measure for tumor volume every 10 days, with the final data set encompassing 11 time points. However, in experiments where the animals receiving the mutant clones developed debilitating tumors, the mice had to be euthanized before the maximum experimental time point. This decision resulted in a final total of 615 determinations of tumor volume for mice harboring the mutant clones and 378 determinations for those harboring the wild-type clones. of partial complex IV defects might be ameliorated by altered complex IV gene expression. This result would be consistent with the observation that prostate cancers have increased levels of nDNA-encoded to mtDNA-encode complex IV subunits (32, 33) . Even so, the COI mutations would inhibit the ETC, and this result could chronically increase mitochondrial ROS production and stimulate cell proliferation (15, 17, 23) .
If prostate cancer is the most common clinical consequence of COI mutations, then this finding may explain why COI mutations are so common in the general population. Prostate cancer kills middle aged or older males, but the mtDNA is exclusively maternally inherited. Hence, deleterious COI mutations that cause prostate cancer would have minimal effect on the genetic fitness of the mutant mtDNA.
Mutations in the mtDNA that inhibit the ETC and increase ROS production could act as both tumor promoters and tumor initiators. The fact that mtDNA mutations which increase ROS production can be potent tumor promoters was demonstrated by our introduction of the pathogenic mtDNA ATP6 T8993G mutation (30, 39) into PC3 cells and showing a dramatic increased tumor growth rate in association with increased cellular ROS production. Moreover, the lack of tumor growth observed for the PC3(mtDNA T8993T) wild-type cybrids might also support this conclusion because it is well established that PC3 cells readily form tumors in nude mice. Because the PC3 mtDNA was found to harbor a conserved ND5 np C13802T (T489M) mutation, it is possible that removal of this mutation reduced the tumorigenic potential of the PC3 cells.
Whether mtDNA mutations might also serve as tumor initiators was suggested by tumor 18, which harbored both a germ-line ATP6 P136S and a somatic COI G16X mutation. Because the germ-line ATP6 mutation must have preceded that COI G16X mutation, it is possible that ROS generated as a result of the ATP6 P136S mutation could have damaged to the mtDNA and caused the COI G16X mutation.
These observations also indicate that mtDNA variants could have accounted for earlier somatic cell genetic observations that the cybrid transfer of chloramphenicol resistant (CAP R ) mtDNAs from a nontumorigenic Chinese hamster cell line into a tumorigenic cell line suppressed tumorigenesis (42) , whereas the reciprocal transfer had no effect. Similarly, the transfer of CAP R mtDNAs from the near euploid HT1080 cells into the aneuploid HeLa cells suppressed growth, but the reciprocal transfer caused no change (43) .
Our demonstration that partial defects in OXPHOS, which increase ROS, can contribute to cancer now provides an explanation for the observation of Otto Warburg Ͼ70 years ago that solid tumors have a high rate of ''aerobic-glycolysis'' (44) . Mutations that inhibit OXPHOS would not only make more ROS, they would oxidize less pyruvate and NADH. The pyruvate and NADH would be converted to lactate by lactate dehydrogenase, resulting in excessive lactate production during aerobic respiration, aerobicglycolysis, a physiological state that has been documented for cells harboring the ATP6 T8993G mutation (45) . If mitochondrial ROS production is essential for solid tumor promotion, then aerobicglycolysis should be a common feature of solid tumors, which Warburg noted.
In conclusion, this study has revealed that mtDNA mutations are not only associated with a predisposition to neuromuscular disease but also a predisposition to cancer. Therefore, we can now add cancer to the list of mitochondrial diseases.
